This paper reports on a novel ␤-xylosidase from the hemicellulolytic fungus Talaromyces amestolkiae. The expression of this enzyme, called BxTW1, could be induced by beechwood xylan and was purified as a glycoprotein from culture supernatants. We characterized the gene encoding this enzyme as an intronless gene belonging to the glycoside hydrolase gene family 3 (GH3). BxTW1 exhibited transxylosylation activity in a regioselective way. This feature would allow the synthesis of oligosaccharides or other compounds not available from natural sources, such as alkyl glycosides displaying antimicrobial or surfactant properties. Regioselective transxylosylation, an uncommon combination, makes the synthesis reproducible, which is desirable for its potential industrial application. BxTW1 showed high pH stability and Cu 2؉ tolerance. The enzyme displayed a pI of 7.6, a molecular mass around 200 kDa in its active dimeric form, and K m and V max values of 0.17 mM and 52.0 U/mg, respectively, using commercial p-nitrophenyl-␤-D-xylopyranoside as the substrate. The catalytic efficiencies for the hydrolysis of xylooligosaccharides were remarkably high, making it suitable for different applications in food and bioenergy industries. P lant biomass represents the most abundant renewable energy resource available on earth. It is composed mainly of cellulose and hemicellulose, two polysaccharides that constitute the raw material for the so-called second-generation (2G) bioethanol industry. The production of this biofuel has received special attention in recent years because it is based on the use of nonfood sources of cellulosic biomass (1). It has been pointed out that energy crops should be restricted to metal-contaminated soils in order to avoid cultivation competition against the food industry (2, 3).
P
lant biomass represents the most abundant renewable energy resource available on earth. It is composed mainly of cellulose and hemicellulose, two polysaccharides that constitute the raw material for the so-called second-generation (2G) bioethanol industry. The production of this biofuel has received special attention in recent years because it is based on the use of nonfood sources of cellulosic biomass (1) . It has been pointed out that energy crops should be restricted to metal-contaminated soils in order to avoid cultivation competition against the food industry (2, 3).
In order to make the production of this biofuel economically viable, many modifications have been introduced into the industrial process in recent years. Among them, the strategy of combining enzymatic hydrolysis of lignocellulose with ethanol fermentation in a single process known as simultaneous saccharification and fermentation (SSF) is a significant step forward, but reduced production costs and improved yields are still necessary (1) . Most studies have been using agricultural wastes as raw materials, usually after a physicochemical pretreatment to disrupt the lignocellulose structure to enhance cellulose and hemicellulose accessibility. Nevertheless, the industrial procedure currently used to produce 2G ethanol consists of fermenting glucose, which is enzymatically released from cellulose by using Saccharomyces cerevisiae as a biocatalyst (4) . To increase process yields, hemicellulose hydrolysis and pentose fermentation are extremely relevant. Within this heterogeneous group of polysaccharides, xylans are most abundant in hardwoods and grass. They are composed of a backbone of ␤-1,4-linked D-xylopyranosyl units highly substituted with arabinofuranose, glucose, glucuronic or methyl-glucuronic acid, and acetyl side groups. The enzymatic conversion of xylans into xylose at the industrial level is crucial to improve the biomass conversion yield, although this aspect requires further development (5) . Due to the complexity and heterogeneity of xylans, their complete breakdown requires the coordinated actions of several hydrolases, among which endo-␤-1,4-xylanases (EC 3.2.1.8) and ␤-xylosidases (EC 3.2.1.37) play important roles. The first enzymes cut the xylan backbone into soluble oligosaccharides that can be depolymerized to xylose by the action of ␤-xylosidases. There is much interest in identifying novel ␤-xylosidases, since robust enzymes are needed for lignocellulose biomass applications. In fact, most of the commercial enzymatic preparations are deficient in this glycosyl hydrolase activity (6) .
Hemicellulases can also be used in many other industrial areas. For example, a complete biodegradation of xylans is one of the goals for the paper industry, since it would improve the biobleaching process and hence reduce chlorine use. In the animal feed area, ␤-xylosidase and other lignocellulolytic enzymes can be added to animal feed in order to speed weight gain in animals. Endoxylanases and ␤-xylosidases hydrolyze hemicelluloses in cereals, facilitating the mobility of nutrients and promoting their absorption (7) .
␤-Xylosidases catalyze the hydrolysis of the glycosidic linkage by two possible mechanisms. In the single-displacement mechanism, a water molecule directly breaks the bond, while the doubledisplacement mechanism implies the formation of an enzyme-substrate intermediate. In the first case, the released xylose suffers inversion of its anomeric configuration, while the ␤ configuration is kept if the second mechanism occurs (8) . According to the Carbohydrate Active enZymes database (CAZy; http://www.cazy .org/), fungal ␤-xylosidases belong to three families: glycoside hydrolase family 3 (GH3), GH43, and GH54. Family GH43 includes hydrolases with the inverting mechanism, while families GH3 and GH54 include ␤-xylosidases with a retaining mechanism. Many retaining ␤-xylosidases are capable of catalyzing the formation of a new glycosidic linkage, transferring a xylosyl residue from a donor to an alcohol group of a particular acceptor in a process called transxylosylation. This type of activity is especially interesting because this mechanism allows the synthesis of conventional as well as new xylooligosaccharides (XOs) of different degrees of polymerization (DP) with a potential outlet in prebiotics and interest for pharmacological applications (9) . As an example, novel glycosidic-polyphenolic antioxidants with greater solubility and bioavailability can be synthesized in such reactions (10) .
Many cellulolytic and hemicellulolytic fungi belonging to the phylum Ascomycota have been described. Although Aspergillus and Trichoderma species have been the most extensively studied, Penicillium strains seem to be good candidates as sources of lignocellulolytic enzymes (11) . In a previous study, a perfect state (determined when fungal sexual phase is observed) of a Penicillium species, later identified as Talaromyces amestolkiae, was selected for secreting a large amount of cellulases and hemicellulases (12) .
This work reports the production, isolation, and biochemical characterization of a ␤-xylosidase from T. amestolkiae. In addition, the sequencing and molecular characterization of the new enzyme are presented and its potential use in hydrolysis and regioselective transxylosylation reactions is discussed.
MATERIALS AND METHODS
Fungal strain and culture media. The T. amestolkiae strain was isolated from cereal waste and deposited in the IJFM culture collection of the Centro de Investigaciones Biológicas (Madrid, Spain) with the reference designation A795.
Sporulation took place after the fungus was cultured on 2% agar-malt petri dishes at 26 to 28°C for 7 days. About 1 cm 2 of agar-malt with growing mycelium was cut and added to a 5-ml solution of 1% NaCl and 0.1% Tween 80. The mixture was shaken, and 200 l was used to inoculate 250-ml flasks with 50 ml of CSS medium, containing the following (liter Ϫ1 ): 40 g glucose, 0.4 g FeSO 4 ·7H 2 O, 9 g (NH 4 ) 2 SO 4 , 4 g K 2 HPO 4 , 26.3 g corn steep solid, 7 g CaCO 3 , and 2.8 ml soybean oil. pH was adjusted to 5.6, and the culture was incubated at 28°C and 180 rpm for 5 days.
␤-Xylosidase production was carried out in 250-ml flasks with 50 ml of Mandels medium and 2 ml of the CSS culture prepared for inoculum. Mandels medium contained the following (liter Ϫ1 4.5) . Mandels medium was supplemented with 2% beechwood xylan (Ն90% xylose), provided by Sigma-Aldrich, as the carbon source and ␤-xylosidase inducer. Beechwood xylan is a hardwood xylan with a backbone of ␤-1,4-linked D-xylopyranosyl residues. Branches are composed mainly of 4-O-methylglucuronic acid attached to xylose at the C-2 position and acetyl groups at the C-2 or C-3 position (13) . In some experiments, 1% xylan, 3% xylan, 1% D-xylose, 1% D-glucose, or 1% Avicel (Merck) was used as an alternative carbon source. Cultures were incubated at 28°C and 180 rpm, and samples were periodically withdrawn from three replicate flasks and centrifuged at 20,000 ϫ g for 5 min to separate the culture liquids from the mycelium.
Enzyme and protein assays. ␤-Xylosidase activity was measured spectrophotometrically by the release of 4-nitrophenol (pNP) (ε 410 ϭ 15,200
The standard reaction mixture consisted of 3.5 mM pNPX, 50 mM sodium citrate buffer (pH 5), 0.1% bovine serum albumin (BSA), and the appropriate dilution of the purified enzyme or culture crude extract. Standard assays were incubated at 50°C and 500 rpm for 5 and 10 min, in order to check the linearity of the measured activity, and the reactions were stopped by the addition of 500 l 2% Na 2 CO 3 . Bovine serum albumin was added for stability issues. One unit of ␤-xylosidase activity was defined as the amount of enzyme that hydrolyzes 1 mol of pNPX per minute.
Direct quantification of released xylose was performed either by gas chromatography-mass spectrometry (GC-MS) or spectrophotometrically, the latter using standards and reagents of the D-xylose assay kit (Megazyme) and in accordance with the manufacturer's instructions. For GC-MS analysis, xylose was previously converted into its alditol acetate derivative as described by Notararigo et al. (14) . Sample components were separately injected for identification on the basis of their retention time. Depending on the reactions, inositol or galactosamine was used as the internal standard, to avoid overlapping with the reaction products. The D-xylose assay kit method is based on the complete conversion of free xylose into its beta anomer and then into D-xylonic acid, releasing NADH. The xylose concentration was determined by monitoring NADH absorbance at 340 nm.
Hydrolytic activity against glucose-containing substrates was measured by quantifying free glucose after the enzymatic reactions. The measurement was carried out colorimetrically through the coupling of glucose oxidase and peroxidase reactions using a Glucose-TR kit (Spinreact).
Proteins were quantified by the bicinchoninic acid (BCA) method, using Pierce reagents and bovine serum albumin as the standard, according to the manufacturer's instructions.
␤-Xylosidase purification. ␤-Xylosidase production was carried out by culturing T. amestolkiae in 250-ml flasks with 50 ml of Mandels medium and 2% beechwood xylan as described above. Three-day-old cultures were harvested by filtration through filter paper in order to separate mycelium from culture liquids. The filtrate was centrifuged at 10,000 ϫ g and 4°C for 30 min, and the supernatant was filtered through 0.8-, 0.45-, and 0.22-m disc filters (Merck-Millipore). Finally, the crude was concentrated and dialyzed against 10 mM acetate buffer (pH 4) using a 5-kDa cutoff membrane.
␤-Xylosidase was purified after three chromatographic steps using an ÄKTA Purifier chromatography system (GE Healthcare). The dialyzed crude enzyme was loaded onto a 5-ml HiTrap SPFF cartridge (GE Healthcare), equilibrated in 10 mM sodium acetate buffer (pH 4). The bound proteins were eluted with a linear gradient of 1 M NaCl from 0 to 50% in 25 ml at a flow rate of 1 ml/min. The column was then washed with 1 M NaCl (10 ml) and allowed to reequilibrate with the starting buffer for 10 min. Fractions with ␤-xylosidase activity were collected, desalted using PD-10 columns (GE Healthcare) equilibrated with 10 mM sodium acetate buffer (pH 4), and applied to a 1-ml Mono S 5/50 GL column (GE Healthcare) previously equilibrated in the same buffer. Proteins were eluted with a linear gradient of 1 M NaCl from 0 to 40% in 25 ml at a flow rate of 1 ml/min. The column was washed with 1 M NaCl (5 ml) and reequilibrated to the starting conditions for 5 min. Fractions with ␤-xylosidase activity were collected, mixed, dialyzed, and concentrated by ultrafiltration using Amicon Ultra-15 centrifugal devices (5-kDa cutoff; Merck-Millipore). Finally, samples were applied onto a Superose 12 HR 10/30 column (GE Healthcare) equilibrated and eluted with the same buffer with 100 mM NaCl at a flow rate of 0.5 ml/min for 50 min. The purified enzyme was concentrated by ultrafiltration (5-kDa cutoff; Merck-Millipore) and stored at 4°C. The isolated ␤-xylosidase was named BxTW1.
Physicochemical properties. The molecular mass of BxTW1 was estimated by SDS-PAGE (7.5% acrylamide) gels using Precision Plus protein dual color standards (Bio-Rad), and proteins were stained with Coomassie brilliant blue R-250 (Sigma-Aldrich). The molecular mass of the purified protein was also calculated by size-exclusion chromatography on a Superose 12 HR 10/30 column previously calibrated with a standard protein kit (GE Healthcare) containing chymotrypsinogen A (19.5 kDa), ovalbumin (48.2 kDa), BSA (73.5 kDa), aldolase (170 kDa), and ferritin (460 kDa). Calibrants and samples were analyzed as described above. The accurate molecular mass and homogeneity of the pure enzyme were established by matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF) using an Autoflex III instrument (Bruker Daltonics).
The isoelectric point of the protein was determined by isoelectrofocusing in 5% polyacrylamide gels using pH 3 to 10 ampholytes (GE Healthcare), with 1 M H 3 PO 4 and 1 M NaOH as anode and cathode buffers, respectively. The pH gradient was measured directly on the gel using a contact electrode (Crison). ␤-Xylosidase activity was detected after incubation of the gels with 40 M p-methylumbelliferyl ␤-D-xylopyranoside (Sigma-Aldrich) as described by Yan et al. (15) , with p-methylumbelliferone fluorescence visualized under UV light by use of the Gel Doc XRϩ system (Bio-Rad).
The coding DNA sequence of the enzyme was used to predict the theoretical pI and molecular mass of the protein. To do so, it was first converted into an amino acid sequence using the ExPASy Bioinformatics Resource Portal; this sequence was then submitted to the SignalP 4.1 server for identifying and locating the signal peptide, which was excluded from the mass prediction. Then, the mature protein sequence was analyzed using the Compute pI/M w tool of the ExPASy Bioinformatics Resource Portal. The information was also submitted to the Eukaryotic Linear Motif resource (http://elm.eu.org/) in order to search for predicted posttranslational modification sites. The following parameters were selected: cell compartment, extracellular; taxonomic content, T. amestolkiae; motif probability cutoff, 100.
The N-carbohydrate content of ␤-xylosidase was demonstrated by the difference between the protein molecular mass before and after treatment with endoglycosidase H (Endo H; Roche), with both values estimated by SDS-PAGE in 7.5% polyacrylamide gels.
To determine the values of optimal temperature and pH, the ranges of temperature and pH stability, and the temperature at which the enzyme loses 50% activity after 10 min of incubation (T50) of the purified enzyme, the standard reaction mixtures contained 120 mU/ml of BxTW1 (4.0 g protein/ml) and 0.1% BSA to ensure the validity of the results regardless of the enzyme concentration. The particular conditions for each experiment are described below.
The optimal temperature of BxTW1 was determined by incubating it at a temperature range of 30 to 70°C for 5 and 10 min. The optimal pH was determined using a pH range from 2.2 to 9 at 50°C for 10 min. In order to adjust pH values, the sodium citrate buffer of the standard reaction mixture was replaced by the one appropriate for each segment of the range: glycinate (pH 2.2 to 3), formate (pH 3 or 4), acetate (pH 4 to 5.5), phosphate (pH 5.5 to 7).
The T50 value, defined as the temperature at which the enzyme loses 50% activity after 10 min of incubation, was determined by heating the protein at a range of temperatures from 45 to 75°C, cooling at 4°C for 10 min, and rewarming to room temperature for 5 min before measuring the residual activity by the standard assay. The temperature at which the enzyme retained the maximum residual activity was taken as 100%.
␤-Xylosidase thermostability was studied by incubating the purified enzyme in 10 mM sodium acetate buffer (pH 4) for 72 h at temperatures ranging from 30 to 70°C. Samples were collected at different times, and residual activity was assayed under standard conditions. pH stability was analyzed in a range from 2.2 to 9 by incubating the samples at 4°C for 72 h. In both assays, 100% corresponds to the initial activity.
The effect of common chemical compounds on ␤-xylosidase activity was studied by adding them to the reaction mixture. LiCl, KCl, AgNO 3 3 , and EDTA were assayed at a final concentration of 5 mM, while 2-mercaptoethanol (2-ME) and dithiothreitol (DTT) were added at a final concentration of 10 mM. The assay was carried out under standard conditions and in 50 mM sodium acetate (pH 5) to test the impact of the mild chelating effect described for sodium citrate (16) .
Substrate specificity. The activity of pure BxTW1 was tested against the nitrophenyl substrates pNPX,
, at a final concentration of 3.5 mM. The activity of the enzyme was also assayed using as substrates (in 20 mM concentrations) the xylooligosaccharides xylobiose (X2), xylotriose (X3), xylotetraose (X4), xylopentaose (X5), and xylohexaose (X6) (Megazyme) and the disaccharides lactose, maltose, sucrose, lactose, gentiobiose, and cellobiose (Sigma-Aldrich). Finally, the catalytic activity of BxTW1 against polysaccharides was evaluated using 20 mg/ml of beechwood xylan and laminarin from Laminaria digitata (Sigma-Aldrich). The assays were carried out under standard conditions, and activity was measured by quantification of the released nitrophenol in the case of nitrophenyl substrates, xylose for xylooligosaccharides and beechwood xylan, and glucose for disaccharides and laminarin. The concentrations of released xylose and glucose were measured by using the D-xylose assay kit and the Glucose-TR kit, respectively, as described above.
The kinetic parameters of BxTW1 for each specific substrate were determined by using increasing substrate concentrations in a range from 0.078 to 20 mM. The experimental data derived from hydrolysis of pNPX, pNPAra, xylobiose, xylotriose, xylotetraose, xylopentaose, xylohexaose, and beechwood xylan were adjusted by least-squares to the LineweaverBurk linear equation of the Michaelis-Menten model. One unit of activity against XOS was defined as the amount of enzyme that totally hydrolyzed 1 mol of the selected XOS to xylose per minute. Product inhibition by xylose was also studied, and K i was determined against pNPX in the presence of 2.5, 5, and 10 mM xylose.
A more intensive study of BxTW1 behavior using xylotriose as the substrate was carried out by nuclear magnetic resonance (NMR) spectroscopy. The assay consisted of incubating 20 mM xylotriose with 800 mU/ml of BxTW1, expressed under standard conditions, in 50 mM formate buffer (pH 3) at 25°C. The concentrations of residual substrate and reaction products (disaccharide and monosaccharide) were monitored by acquiring 1 H-NMR spectra at different reaction times, until the complete conversion of xylotriose and xylobiose into xylose was detected. The amounts of each compound were compared by integrating distinctive signals: xylose was analyzed from H5 (␦ 3.8), and xylotriose from H=5 (␦ 4.03). Xylobiose lacked a specific signal in the 1 H-NMR spectrum, so it was quantified by subtracting xylotriose H=5 (␦ 4.03) from H5 (␦ 3.9), which overlaps the signals from xylobiose and xylotriose.
Transxylosylation reactions. The relationship between the initial rates of transxylosylation and the acceptor concentration was studied. Xylobiose and xylotriose in a range of concentrations from 1.25 to 80 mM were incubated with 200 mU/ml of BxTW1 expressed under standard conditions and in 50 mM formate buffer (pH 3) at 50°C for 10 min. The reaction was stopped by incubation at 100°C for 5 min. The presence and concentration of the remaining substrate and transxylosylation and hydrolysis products were determined by high-performance liquid chromatography (HPLC) on an Agilent 1200 series system equipped with a refractive index detector.
Aliquots of 100 l were loaded onto a SUPELCOGEL C-G610H column (Sigma) equilibrated in 5 mM H 2 SO 4 buffer. The column was previously calibrated by injecting 100 l of xylose and XO samples, from X2 to X5, in a concentration range from 0.5 mM to 20 mM. From the area under the peaks, a calibration curve was calculated for each compound. Peaks were identified from their retention times, by comparison with those of the commercial standards, and their concentrations were calculated from the calibration curves. The results were used to estimate hydrolysis and transxylosylation ratios according to the equations below, where the subscript zero indicates the initial concentration and the subscript f indicates the final concentration:
ϭ hydrolysis ratio 100 Ϫ hydrolysis ratio ϭ transxylosylation ratio
In order to evaluate the acceptor specificity of the enzyme, 3.5 mM pNPX (as the xylose donor) was incubated for 240 min with 24 mU/ml of BxTW1, expressed under standard conditions, and 50 mM formate buffer (pH 3) in the presence of one of the following acceptors: 1 M methanol, ethanol, 1-propanol, 2-propanol, 1-butanol, isobutanol, or glycerol or 70 mg/ml erythritol, mannitol, sorbitol, dulcitol, glucose, fructose, galactose, mannose, maltose, sucrose, trehalose, or lactose. The selected acceptors were compared and grouped according to their physicochemical similarity after calculating the Tanimoto coefficient, using the workbench similarity tool from the ChemMine site (17) . The reaction was stopped by incubation at 100°C for 5 min. The amount of free pNP released from substrate hydrolysis was measured spectrophotometrically, while the xylose content was determined by GC-MS, as described above. Transxylosylation, substrate hydrolysis, and substrate consumption ratios were calculated from the concentration of xylose and pNP according to the equations below:
The results were presented as a heat map based on the transxylosylation ratios. The hierarchical clustering analysis was performed using the clustergram algorithm within the Matlab environment (MathWorks, Natick, MA).
The regioselectivity of BxTW1 when catalyzing the formation of a new glycosidic linkage was also investigated. In order to obtain one or more transxylosylation products, 350 mM xylobiose was incubated in 50 mM formate buffer (pH 3) at 50°C for 30 min with 550 mU/ml of BxTW1. In a second experiment, 3.5 mM pNPX used as the donor and 130 mM xylose used as the acceptor were incubated with 500 mU/ml of BxTW1 in 50 mM formate buffer (pH 3), at 50°C for 20 min, in order to obtain one or more transxylosylation products. Both reactions were stopped by heating at 100°C for 5 min. The samples were dried and resuspended in deuterated water. The identification of the transxylosylation products was accomplished by 1 H, 1 H-13 C HSQC (heteronuclear multiple-bond coherence), DOSY (diffusion-ordered spectroscopy), and DOSY-TOCSY (total correlation spectroscopy)-NMR on a Bruker 600 MHz spectrometer. The same approaches were applied to the commercial reagents added to each reaction, in order to discard signals from impurities and to confirm the assignations.
Peptide mass fingerprinting using MALDI-TOF mass spectrometry. Gel pieces of the BxTW1 protein bands from Sypro-stained SDS gels were excised and digested in accordance with a protocol based on a report by Shevchenko et al. (18) with minor variations as reported by Russo et al. (19) . MALDI-MS and tandem MS (MS/MS) data were combined using the BioTools 3.0 program (Bruker-Daltonics) to interrogate the NCBI nonredundant (NCBInr) protein database using MASCOT software 2.3 (Matrix Science). Relevant search parameters were set as follows: trypsin as enzyme, carbamidomethylation of cysteines as fixed modification, methionine oxidation as variable modification, 1 missed cleavage allowed, peptide tolerance of 50 ppm, and MS/MS tolerance of 0.5 Da. Protein scores greater than 75 were considered significant (P Ͻ 0.05).
Primer design, amplification of BxTW1, and classification. To identify the gene coding for BxTW1, a BLASTP search against NCBInr using the peptides obtained by mass fingerprinting was carried out. The nucleotide sequences of the genes coding for ␤-xylosidases with high sequence identity to BxTW1 were retrieved from the database. Sequences were aligned using ClustalW, and degenerate primers were designed in the conserved 5= and 3= regions, including ATG and stop codons (BxTw1 Fw, 5=-ATGGTYTACACCRYGCAATWYCTG-3=, and BxTw1 Rv, 5=-TYAM YTRKRATCAGGYTKAATCTCC-3=). The BxTw1 gene was amplified by PCR using genomic DNA as the template. The DNA was extracted with the DNeasy Plant minikit (Qiagen), and PCR mixtures contained 100 ng of DNA template, 1ϫ PCR buffer, 1.5 mM MgCl 2 , 0.8 mM deoxynucleoside triphosphates (dNTPs)
The amplified sequences were separated in a 0.8% (wt/vol) agarose electrophoresis gel stained with GelRed, cut out, and purified using a QIAquick gel extraction kit (Qiagen). PCR products were then inserted into a pGEM-T easy cloning system (Promega) in order to transform the Escherichia coli DH5␣ strain. Clones containing the inserted fragments were sequenced using the BigDye Terminator v3.1 cycle sequencing kit and the automated ABI Prism 3730 DNA sequencer. The coding sequence was used to carry out a BLASTN search against the NCBInr database in order to identify homologous proteins and include BxTW1 in the appropriate GH family.
Nucleotide sequence accession number. The nucleotide sequence for the BxTW1 gene was submitted to the GenBank database under accession number KP119719.
RESULTS
␤-Xylosidase production. The secreted proteins and ␤-xylosidase activity of T. amestolkiae cultures were studied in Mandels medium with different carbon sources. Figure 1A shows the ␤-xylosidase inducer effect of 1% Avicel, 1% D-xylose, or 1%, 2%, or 3% beechwood xylan over 6 days. A control culture with 1% Dglucose as the carbon source, which inhibits xylanase production by carbon catabolite repression (20) , was also tested. The highest ␤-xylosidase activity was detected when 2% beechwood xylan was used as the inductor, and the profile of total secreted proteins was similar to that detected with 3% xylan. Xylose addition also produced ␤-xylosidase release, although at a lower level. Figure 1B depicts the levels of secreted proteins over the culture time, with a sharp increase of extracellular proteins evident at the end of the period. At this point, a very fragmented mycelium was observed under the light microscope (data not shown), probably related to cellular lysis and the massive release of intracellular proteins. Based on these results, 2% beechwood xylan was chosen as the best inducer for ␤-xylosidase, which was purified and characterized from these crude proteins. For additional data on the high abundance of BxTW1 in the secretome of T. amestolkiae under the conditions selected here, see Fig. S1 and the "secretome" section in the supplemental material.
Purification of ␤-xylosidase. Maximal ␤-xylosidase activity levels (800 mU/ml) were detected in 3-day-old cultures. Then, these crude proteins were collected for enzyme purification. The first cation-exchange chromatography step allowed the separation of a unique peak with ␤-xylosidase activity, eluting around 0.25 M NaCl, from most of the crude proteins. The peak with ␤-xylosidase activity was subsequently separated on a Mono S 5/50 highresolution cation-exchange column. ␤-Xylosidase activity mainly eluted in three successive peaks between 0.20 and 0.25 M NaCl. A last step using a high-resolution Superose 12 column was neces-sary for the complete purification of the protein, which was named BxTW1. The enzyme, dialyzed and concentrated, was stored at 4°C, remaining stable over at least 6 months. The purification resulted in a final yield of 10.8% recovered activity. During the process, the specific activity increased from 1.0 to 47.1 U/mg, which implies a degree of purification of 47.
Physicochemical properties. The molecular mass of BxTW1, estimated from size-exclusion chromatography, was around 200 kDa. However, analysis of the BxTW1 gene sequence (GenBank accession no. KP119719) using the ExPASY Bioinformatics Resource Portal resulted in a theoretical molecular mass of 84,373.96 Da. SDS-PAGE of nondeglycosylated BxTW1 showed three bands of approximately 100 kDa ( Fig. 2A) , which is close to the value from MALDI-TOF MS (Fig. 2B) . The MALDI-TOF spectrum displayed the typical profile of a glycosylated protein, with a wide peak due to glycosylation heterogeneity. The technique allowed determination of the accurate mass of one of the glycosylated isoforms (102,275 kDa), but the global enzyme mass could only be estimated on average ca. 100 kDa. The closeness of the peaks in the mass spectrum apparently corresponded to three different glycosylation forms, which would be consistent with the identification of three separated peaks of ␤-xylosidase activity during high-resolution cation-exchange chromatography. The peptide mass fingerprint of each one of the three bands was obtained, resulting in exactly the same fragmentation patterns (not shown). To discern if these molecular mass changes could be due to glycosidic content B A 
FIG 2 Estimation of BxTW1 molecular mass by SDS-PAGE (A) and MALDI-TOF MS (B)
. Lanes: 1, molecular mass standards; 2, BxTW1 treated with Endo H; 3, glycosylated BxTW1. Intens., intensity; a.u., arbitrary units.
variations, the mature protein sequence was used to search for predicted posttranslation modifications on the ELM server, and 14 motifs for N-glycosylation were found. In addition, after Endo H treatment, only one band was detected, with a molecular mass close to the theoretical value of 84 kDa, corroborating the existence of three different glycosylation isoforms of BxTW1 instead of three different isoenzymes. The difference between the molecular masses determined by size-exclusion chromatography and SDS-PAGE suggests that BxTW1 works as a noncovalent dimer in its native conformation. Isoelectrofocusing indicated that the pI of the protein was 7.6, a value similar to those reported for other ␤-xylosidases (20) . Nevertheless, the theoretical value obtained from the BxTW1 sequence was 4.75. This difference was not surprising, since it has been extensively reported that glycosylation can change the isoelectric point of a protein (21) .
The influence of temperature and pH on stability and optimal reaction activity of BxTW1 was tested against pNPX. The optimum temperature (highest hydrolysis rate) was 70°C, although the enzyme lost 70% activity after 30 min at 60°C (data not shown). At 50°C, the activity loss stabilized around 50% after 1 h (data not shown) and remained stable for 72 h (Fig. 3A) . The thermal index T50 was 59.9°C. Regarding pH, BxTW1 displayed its maximal activity at pH 3 and exhibited high stability (above 80% of residual activity) between pH 2.2 and 9 for 72 h (Fig. 3B) .
BxTW1 activity did not show relevant changes in the presence of most of the tested compounds when sodium acetate or citrate buffers at pH 5 were used (Fig. 4) . When small inhibition rates were observed, the residual activities were slightly higher in the presence of citrate, probably due to its chelating properties. The most remarkable results were the slight inhibition registered during the addition of Cu 2ϩ and Pb 2ϩ in both buffers and the dramatic decrease of activity in the presence of Hg 2ϩ . The absence of inhibition in the presence of EDTA, DTT, and 2-mercaptoethanol suggest that BxTW1 does not require metallic cations for its catalytic activity and the absence of a disulfide bond near or inside the active site. The nondependence of metal cofactors is a common feature of GH3 proteins, but there are a few solved structures displaying disulfide bonds within this group (22, 23) .
Substrate specificity. The enzyme hydrolyzed pNPX, pNP-␣-L-arabinopyranoside, pNP-␣-L-arabinofuranoside, and xylooligosaccharides (XOs) from X2 to X6 and was capable of releasing xylose from beechwood xylan. Nevertheless, no activity was detected on other nitrophenyl substrates or disaccharides assayed. The kinetic parameters of BxTW1 (Table 1) were determined using the specific substrates reported above. Although the enzyme was able to hydrolyze pNP-␣-L-arabinoside independently of the glycan moiety configuration, its affinity toward these substrates was much lower than that found for pNPX. The hydrolytic mechanism of BxTW1 was ascertained by 1 H-NMR, with xylose release analyzed during the first minutes of the reaction. Like all the GH3 family members, BxTW1 worked with a retaining mechanism (for the NMR data, see the "analysis of the hydrolytic mechanism of BxTW1" section in the supplemental material). The enzyme also hydrolyzed XOs of different chain lengths with similar affinities, from 3 to 6 xylose units, but with decreasing catalytic efficiency. Surprisingly, the enzyme attacked X3 to X6 with higher affinity than X2. Since K m values were calculated by estimating the released xylose instead of monitoring substrate consumption, and in order to confirm that BxTW1 hydrolyzed X3 preferentially over X2, xylotriose consumption and xylobiose generation were monitored by 1 H-NMR spectroscopy (Fig. 5A) . Comparison of spectra revealed the preference of BxTW1 for the trisaccharide over the released disaccharide (Fig. 5B) . This result unequivocally demonstrated xylotriose consumption and agreed with global K m values for XOs calculated from the xylose released. Enzyme inhibition by product was also studied, revealing that the activity against pNPX was competitively inhibited by xylose, with a K i of 1.7 mM.
Transxylosylation. The transxylosylation capabilities of BxTW1 were tested. Xylotriose and xylobiose were first assayed as simultaneous donors and acceptors in separate reactions. This double role of substrates has been previously reported (24) . Since the enzyme preferentially hydrolyzes X3 over X2 (Fig. 5) , differences in transxylosylation rates were also analyzed as a function of the acceptor length and concentration. In this work, a direct relation between acceptor concentration and the synthesis of transxylosylation products was observed (Fig. 6 ). On the other hand, xylotriose was synthetized from xylobiose, and when xylotriose was used as the substrate, the resultant product was xylotetraose. In both cases, transxylosylation ratios increased with the substrate concentrations (detection limit, above 5 mM substrate). Below 10 mM, transxylosylation rates were comparable using X2 or X3. However, X2 was a better transxylosylation acceptor than X3 at concentrations over 20 mM (ca. 40% transxylosylation rate versus 30%, respectively). Figure 6 shows the evolution of transxylosylation and hydrolysis ratios using xylobiose (Fig. 6A) and xylotriose ( Fig. 6B) as substrates. The transxylosylation specificity of BxTW1 was tested in reactions with pNPX as the donor and a large excess of different acceptors, measuring xylose/pNP ratios at the final reaction time. To calculate transxylosylation rates, the stoichiometric relation between products (xylose and pNP) was taken as 1:1. Then, detection of pNP at a significantly higher concentration than xylose for an assayed acceptor indicates that transxylosylation occurred and the monosaccharide has been attached to the acceptor. A variety of alkyl alcohols, sugar alcohols, monosaccharides, and disaccharides were tested as acceptors. A low transxylosylation rate of 13% was observed in the absence of an acceptor, showing that BxTW1 was capable of using pNPX molecules as acceptors. The consumed substrate exceeded 80% in all cases, and the highest transxylosylation rates were obtained mainly with alkan-1-ols, alkan-2-ols, and sugar alcohols (Fig. 7A) , while monosaccharides and disaccharides turned out to be the worst acceptors. Chemical similarities between acceptors were estimated by a Tanimoto coefficient calculation, and a comparative analysis was carried out using the hierarchical clustering tool from the MatLab environment (Fig.  7B) . The results showed that compounds with very close physicochemical features behave differently as transxylosylation acceptors. Regarding sugar alcohols, mannitol is a much better acceptor than sorbitol and dulcitol, although all of them have the same molecular formula. In the case of aldoses, glucose, galactose, and mannose also share the same empirical formula but were very different as acceptors: glucose was the most efficient, while transxylosylation yields for galactose were significantly lower. The regioselectivity of BxTW1 when catalyzing the formation of a new glycosidic linkage, using xylobiose or xylose as the acceptor, was also investigated. Xylobiose was used as a simultaneous donor and acceptor for the synthesis of either the trisaccharide or higher-DP transxylosylation products. A DOSY-NMR spectrum of the reaction mixture was acquired, and the detected signals could be correlated with the presence of mono-, di-, and trisaccharides. DOSY-TOCSY and 1 H-13 C HSQC-NMR spectra were acquired in order to simplify the assignation of 1 H one-dimensional NMR (1D-NMR) signals. The chemical shift displacement data allowed us to conclude that BxTW1 catalyzed the regioselective synthesis of 1,4-␤-D-xylotriose as a unique transxylosylation product. BxTW1 regioselectivity was also tested using pNPX as the donor and xylose as the acceptor, to test if the reaction products were disaccharides or had higher DPs. A 1 H-NMR spectrum was acquired from the reaction mixture, and 1 H-13 C HSQC-NMR data were used to simplify the analysis. The assignation of signals indicated that BxTW1 catalyzed the synthesis of 1,4-␤-D-xylobiose as the unique transxylosylation product.
Sequencing, classification, and molecular characterization of BxTW1. The preliminary identification of BxTW1 was based on its peptide mass fingerprint. The three bands identified in SDS-PAGE gels as glycosylated isoforms of BxTW1 were analyzed, giving the same profile of tryptic peptides. The homology search of these peptides revealed close similarities of the BxTW1 enzyme to four putative fungal ␤-xylosidases from Talaromyces stipitatus ATCC 10500 (GI: 242771939), Talaromyces cellulolyticus (GI:348604625), Talaromyces marneffei ATCC 18224 (GI:212531051), and Hypocrea orientalis strain EU7-22 (GI:380293099) and three ␤-xylosidases isolated from Trichoderma reesei (GI:2791277), Talaromyces emersonii (GI:48526507), and Aspergillus fumigatus (GI:76160897).
Gene sequencing revealed that a 2,394-bp region with no introns codes for BxTW1 (GenBank accession number KP119719). A homology search based on DNA sequence showed high identity These data indicate that BxTW1 from T. amestolkiae is a ␤-xylosidase from the GH3 family. For the phylogenetic validation of this classification, see Fig. S2 and the "identification of BxTW1 GH family" section in the supplemental material.
DISCUSSION
The identification and characterization of ␤-xylosidases are currently noteworthy topics. The need for biomass exploitation in order to obtain goods from renewable sources and the synthesis of xylooligosaccharides by transxylosylation makes these enzymes very interesting from a biotechnological perspective.
In this context, the ␤-xylosidase levels released by T. amestolkiae in liquid cultures are in agreement with previous results described for Aspergillus and Fusarium strains when beechwood xylan was added as a carbon source (25, 26) and higher than those reported for other Penicillium species (27, 28) . Although pure commercial xylan is not suitable for large-scale enzyme production, it has been established as the most used carbon source and the best inducer of xylanolytic enzymes (29) . As in other fungi, xylose acts as a weak inducer of ␤-xylosidase production in T. amestolkiae (30) , but glucose did not induce ␤-xylosidase production (30, 31) .
The study of the effect of temperature, pH, and common chemicals on BxTW1 activity revealed some remarkable properties. The optimum pH value of 3.0 was surprising, since most of the described fungal ␤-xylosidases displayed values from 4.0 to 6.0 (20) , and few enzymes with this optimum value (32) or lower (33) have been described. The causes for this low pH value remain unknown. Sequence alignments of BxTW1 and closely related GH3 xylosidases (data not shown) revealed no changes in the catalytic environment that would explain the low optimum pH of BxTW1. However, Rasmussen et al. (34) reported that ␤-xylosidases from T. emersonii and T. reesei changed their optimum pH from pH 4.0 to pH 3.0 to 3.5 when they were expressed in Aspergillus oryzae, for which high N-glycosylation potential has been reported (35) . This observation could suggest that this posttranslational modification might modulate the pH sensitivity of glycoside hydrolases. N-oligosaccharides may display charged substituents (36) which could affect pH sensitivity by changing the pI or modifying the pK a value of close amino acids. In the case of BxTW1, N-glycosylation has been determined by SDS-PAGE after Endo H treatment and by in silico analysis, with the conclusion that the reported difference between theoretical and experimental pI values could be explained by these modifications. According to these findings, the low optimum pH of BxTW1 could also be related to its glycosylation pattern and not to differences in the amino acid sequence of the active site. The broad stability pattern of the T. amestolkiae enzyme was also notable, covering acidic and basic values, while most of the characterized fungal ␤-xylosidases are quickly inactivated at extreme (low or high) pH values (26, 37) . Both stability and high activity at low pH values make it a good candidate to be used in 2G bioethanol production or as supplements for animal feed.
The absence of BxTW1 inhibition in the presence of several heavy metals that commonly inactivate ␤-xylosidases merits especial attention. The resistance is particularly important in the case of Cu 2ϩ , which has been reported as a strong inhibitor of many ␤-xylosidases (38, 39) and present in the ash content of different lignocellulosic biomasses, showing inhibitory effects on cellulases and reducing the final yield of 2G bioethanol production even at low concentrations (40) .
Regarding its kinetic characterization, although the maximum velocity of BxTW1 was comparable to those reported for other fungal ␤-xylosidases (Table 2) , the results showed a remarkable high affinity of the enzyme to pNPX. Very few characterized ␤-xylosidases, such as BXTE from T. emersonii (34) , had a slightly lower K m value toward this substrate. Nevertheless, BxTW1 demonstrated better kinetic properties: its V max is 22-fold higher than that of Xyl I, and the k cat against pNPX was 173 s Ϫ1 , more than 700-fold higher than that reported for BXTE. Catalytic efficiency, an extensively used parameter for enzyme comparison (41) , is also shown for each enzyme, when available, in Table 2 . The efficiency of BxTW1 is among the highest values reported. In fact, ␤-xylosidase from Bacillus pumilus, commercialized by Megazyme (SKU code E-BXSEBP), shows a catalytic efficiency of 230 mM Ϫ1 · s Ϫ1 , calculated from the reported data (42), a value 4.5-fold lower than that of BxTW1.
Although the activity of the enzyme toward xylobiose is in the range of the highest values found in literature (43) , it showed higher affinity toward longer substrates (X3 to X6). Even though kinetic characterization of ␤-xylosidases against XOS with a DP higher than xylobiose has not been extensively studied, a detailed comparison revealed that BxTW1 had the highest catalytic efficiency for all the XOs tested from X3 to X6. In fact, the kinetic constants of BxTW1were frequently 1 or 2 orders of magnitude greater than those of characterized ␤-xylosidases (Table 3 ). In addition, BxTW1 showed activity against beechwood xylan, something uncommon among most of the known ␤-xylosidases. These behaviors have been previously reported, and they are considered a typical feature of exo-type xylanolytic enzymes (34, 44) , in contrast to classical ␤-xylosidases (45). Exo-type xylanases (EC 3.2.1.156) are also called reducing-end xylose-releasing exo-oligoxylanases (Rex enzymes), and they share with ␤-xylosidases (EC 3.2.1.37) the exo-attack of substrates. Nevertheless, there are several differences suggesting that BxTW1 should be identified as a ␤-xylosidase. As mentioned above, alignment studies revealed high homology between BxTW1 and other putative and characterized ␤-xylosidases. In addition, all the reported Rex enzymes are included in the GH8 family, work with inversion of the configuration, and are unable to hydrolyze xylobiose (46) . These data strongly suggest that BxTW1 cannot be considered a Rex enzyme and should be considered a ␤-xylosidase. BxTW1 demonstrated transxylosylation capacity, and rates increased with substrate concentration when xylobiose and xylotriose were used as the donor and acceptor simultaneously. The transxylosylation and hydrolytic rates were complementary, since the longest substrate was a worse acceptor than the shortest.
BxTW1 showed broad acceptor specificity. Short alkan-ols were the best acceptors, probably due to their low molecular mass and to the physicochemical properties of the enzyme's active site, such as its size or hydrophobicity. The results suggested that aldoses and alcohols were preferentially transxylosylated on primary alcohols, since 1-propanol and 1-butanol were better acceptors than 2-propanol and isobutanol, respectively. To confirm this, aldohexoses distinguished only by their three-dimensional spatial orientation were used as acceptors. In D-glucose, all hydroxyl groups but the primary one (C-6) are in equatorial position and, hence, the transxylosylation rates were higher than those obtained with D-mannose, where the C-2 hydroxyl group shares the axial position with the primary alcohol. The transxylosylation rate was even lower when D-galactose was used as the acceptor, where the axial position was occupied by a C-4 hydroxyl (closer than C-2 to the primary alcohol). No clear conclusions could be drawn from the results obtained when sugar alcohols or disaccharides were used as acceptors; in these cases, unknown steric hindrances may occur. A deeper understanding of the residues and mechanism involved in transxylosylation reactions would be necessary to decipher acceptor specificity (24, 47) . Currently, a complete structural analysis of BxTW1 is being carried out in order to grasp its hydrolytic and transxylosylation capacities.
Both its promiscuity and its efficiency suggest a considerable potential of BxTW1 for the biosynthesis of oligosaccharides with pharmacological or industrial interest. The enzymatic synthesis of new oligosaccharides by transglycosylation is a promising alternative to chemical methods. Many glycosidases have been studied in order to determine their ability to form a glycosidic bond stereospecifically, but most of them show low regioselectivity. This implies that the transglycosylation products are multiple instead of unique, hence hampering their use for industrial production. Few glycosidases with regioselectivity have been described previously, which has been related to their specificity (48) . In this sense, although the regioselectivity of BxTW1 has been analyzed only when xylose or xylobiose was used as the acceptor, its broad substrate specificity makes it a good candidate to test different and new molecules as final xylose receivers. This reinforces the potential of BxTW1 for the biosynthesis of new oligosaccharides with potential industrial interest.
